The solar cells with highest efficiencies are the tandem cells with three or four pn junctions in series, connected by tunnel diodes. The current produced by the stacked pn junctions is limited by the smallest one. Therefore, to optimize the full solar cell efficiency it is crucial to match the current produced by the different junctions. This issue has been extensively investigated over the years. In the most usual case of three pn junctions, the current is limited by the middle junction. Recently, the use of multiple quantum wells to further improve the current generated at the intermediate pn junction was proposed. When such a middle junction is used, new optimization of the top cell is required to reach a better current matching. In this work we have used a commercial software, Comsol, to optimize the top solar cell for a triple junction structure to be used in space applications, meaning subjected to the AM0 spectrum. The newly designed solar cell is based on an InGaP pn junction with AlGaInP n-doped window. The layers are lattice matched to GaAs and to Ge, which is the material used for the bottom pn junction. These materials were chosen based on the fact that they are more resistant to radiation, which is of paramount importance for use in satellites. The first step to fabricate the designed solar cell is the optimization of each individual layer. The different InGaP and AlGaInP semiconductor layers of the designed solar cell have been grown by metalorganic vapor phase epitaxy at 675 ºC. The alloys' composition was calibrated. High doping levels of InGaP were achieved. However, difficulties in reaching a doping level of the AlGaInP window layer of around 1x10 18 cm −3 , as required, were faced and should be discussed. Additionally, luminescence and x-ray diffraction data of the grown samples will be presented.
Introduction
The search for more efficient solar cells for space and terrestrial applications [1] raises much interest within the photovoltaic community around the world. William Shockley and Hans Queisser have demonstrated a theoretical limit [2] for the efficiency of different solar cells. Many ways to overcome this limit were proposed and have been tested over the years. Some of these alternatives are Intermediate Band Solar Cells [3] , Quantum Well Multijunction Solar Cells (QWMJSC) [4] , among others. The conventional multijunction solar cell (MJSC) is one of these alternatives. The MJSC consists of two or more pn junctions stacked with the goal to harvest a larger portion of solar spectrum. The MJSC has a great potential for achieving conversion efficiencies of over 40% [1] . The materials choice for the sub-cells needs to fulfill some requirements in order to compose the different junctions. The lattice parameter of the various materials should be matched to that of the substrate, the current on each cell should be as close as possible to those of the others and, in the case of spatial application, the materials should be resistant to high energy radiation.
In the triple junction solar cell, the bottom junction is usually Ge based, the central junction is made with GaAs and the top cell uses an InGaP junction. In this case, the current is limited by the middle GaAs junction. InGaAs/InGaP multiple quantum wells are under investigation as a candidate for the middle junction material [1] . Additionally, they are more resistant to high energy radiation when compared to GaAs, being, in principle, more suitable for space applications. With the change in the characteristics of the central pn junction, a new design of the top cell is required so that a better current match is achieved. In this work, we have addressed two issues, first we have simulated the InGaP top junction for space applications, which consists of a pn junction of InGaP with a window and Back Surface Layer (BSF) of AlGaInP (quaternary material). Second, we have calibrated the AlGaInP growth by Metalorganic Vapor Phase Epitaxial deposition (MOVPE) for application as both window and BSF layers. The quaternary alloy is an attractive material for solar cell applications as an optical window in solar cells [6] where efficiencies larger than 40% [7] 
Simulations
Simulations were performed using the semiconductor module that solves the Poisson and the continuity equations for electron and hole drift-diffusion currents using the finite element method. Different outputs are possible such as JxV curves, Band Diagram, Electric Field, among others. The simulations were made using the extraterrestrial solar spectrum (AM0).
First, simulations varying the thicknesses of the different layers were made. Many configurations were tested and two of them, named A and B, which maximize the efficiency of the device, are depicted in figures 1 and 2. Their following figures of merit are shown in Table 1 efficiency and match the current of the middle junction.
The purpose of the window layer is to be transparent to most of the solar spectrum so that the radiation is absorbed in the junction material, far from the surface, reducing the surface recombination velocity. A compromise exists concerning the thickness of this layer. It should not be too large to avoid absorption in this area as much as possible and should not be too thin either to maintain the pn junction as far as possible from the surface.
The behavior of the thicknesses in the active layers is different. The n-layer thickness shows better results when thinner but the p-layer behavior should be thicker for better results. The difference in behavior is related to the diffusion length which is related to the mobility and lifetime of the minority carriers.
When the pn junction is under illumination, the photogenerated current depends on the distance the electron hole pair has to travel to be swept by the electric field. The n-layer is highly doped and this affects directly the diffusion length so it is better to be thinner. On the other hand, as the pside doping level is lower than the n-side the diffusion length of the minority carrier is greater. Note that electrons have mobility, lifetime and diffusion length greater than the holes do, thus, in order to increase the volume of the absorbing material, it is preferable to increase the thickness of the p side of the junction.
The BSF consists of a doped region with a higher donor concentration at the rear surface of the solar cell. The interface between the high and low doped regions behaves like a pn junction itself and an electric field forms at this interface which introduces a barrier for the minority carrier to flow to the rear surface, forcing the electrons to move to the top of the cell which, consequently reduces the carrier losses. The presence of BSF is very helpful to raise the solar cell efficiency, however, its thickness does not play a major role in the device's figures of merit.
The resistance of the solar cell is correlated with the thickness and doping of the different layers. Increasing the thickness, raises the resistance and this factor is also taken into account to determine the figures of merit. The series resistance of a solar cell also depends on the semiconductor-metal contact. The optimal doping configuration obtained presents a higher doping level of the layers which are in contact with the metal layers (see figure 5) , reducing the contact resistance.
Window Layer
The AlGaInP window layer was grown by MOVPE at 675ºC. This temperature was chosen because it is the same as that used for growing the preceding InGaP layers. The samples were grown on a p-GaAs substrate. To work as a window layer an energy gap more than 60 meV larger than that of the InGaP (Eg=1,85eV) active region is expected so that it is essentially transparent to most of the solar radiation. Additionally, a doping level of about 10 18 cm -3 is required and the layer should be lattice matched to the substrate to avoid morphological defects.
The characterization techniques used were photoluminescence (PL), Hall measurements and x-ray diffraction.
Two undoped and two doped AlGaInP samples were grown and are named undop1, undop2, dop1 and dop2. The dopant source used was SiH2. The main difference between the two undoped samples is the V/III ratio used for the growth, the V/III ratio used for undop2 being larger than that used for the undop1 sample. The same applies to the doped samples. They were grown with the same dopant flow but with different V/III ratios. Table 3 shows the growth conditions of the four samples. Figures 6 and 7 show the x-ray diffraction spectra of samples undop2 and dop2, where one notices that the introduction of doping leads to an increase in mismatch of 709,1 ppm. Using the Matthews' and Blakeslee's model we obtain that the critical thickness is much higher than the thickness that will be used [8] . The increase in mismatch is revealed by a shift of the secondary peak to the right, meaning that the doped structure has less In than the undoped does. The same trend is observed for samples undop1 and dop1.
The quaternary's composition was estimated using results of PL together with those of x-ray diffraction. In figures 6 and 7 the peak of the alloy is shown on the right of the primary GaAs substrate peak, meaning that the layers are In poor, requiring more In to reach the lattice match condition. The obtained quaternary compositions are shown in Table 3 . Figure 8 shows the PL spectra of the samples. Additionally, the PL spectrum is affected by the introduction of doping, as observed in figure 8 . Samples undop2 and dop2 were grown under the same conditions. However, according to the PL spectra, the transition energy for sample dop2 is larger than that of the undoped sample, meaning that there is possibly a larger incorporation of Al. This is consistent with the fact that the sample is In poorer, as revealed by the x-ray diffraction spectrum and mentioned before. Again the same trend is detected for samples undop1 and dop1. Now comparing the n-doped samples, we notice a five times larger efficiency in the doping for sample dop2 compared to sample dop1, although both were grown with the same SiH2 dopant flow. This effect can be understood because a higher V/III ratio, used to grow sample dop2, leads to more sites III available for the donor, increasing the free electron concentration determined by Hall measurements. 
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Conclusion
In summary, various InGaP solar cell structures for the top cell of a multijuction solar cell for spatial operation were simulated and an optimal structure in terms of the full structure geometry and doping levels has been proposed.
The AlGaInP window layer of such structure with the composition, bandgap and doping level required has been obtained by MOVPE growth after a careful calibration procedure.
